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Abstract 
Up to date the evaporation process in laser beam welding of alloys with volatile elements is not completely understood. This paper discusses 
the phenomena occurring at the welding process of brass with 37m% zinc. Since copper has a solidification temperature of 1,087°C and zinc 
vaporizes at a temperature of 907°C, a strong evaporation takes place and an elongation of the keyhole can be observed. Depending upon 
welding velocity, the ratio of keyhole length to width is between one and six. Furthermore it is observed that a defect free weld seam is formed. 
Since the melt pool does not leak also for high ratios of keyhole length to width, the conventional keyhole model with a dynamic flow around 
the laser beam has to be adapted to a model in which the melt flow at the side of the capillary is stabilized also outside of the interaction zone of 
the laser beam with the melt due to strong evaporation at the flank of the keyhole.  
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1. Evaporation in laser beam welding  
 
In deep penetration laser beam welding a keyhole is formed which is kept open by evaporation pressure. Here evaporation 
pressure in the capillary pcap, exceeding the forces of surface tension, hydrostatic and hydrodynamic pressure of the melt which 
are acting to close the keyhole. The total evaporation pressure pvap is the sum of evaporation pressure of every element pi in the 
melt, see equation (1).  
 
݌௖௔௣ ൌ ݌௩௔௣ ൌ σ ݌௜ሺݔ௜ሻ௜      (1) 
 
To calculate the evaporation pressure of an element in the melt the evaporation pressure of a pure element p0 is weighted by 
the activity a, which considers the intermolecular forces between the elements in the melt, see equation (2). The activity is 
dependent upon activity coefficient Ȗ and the fraction of an element xi in the melt, see equation (3). For an ideal solution without 
intermolecular forces the concentration of an element is the activity of the element.  
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Nomenclature 
ai activity of element i  
BPP beam parameter product  
Ȗ activity coefficient of element i 
I  energy input per unit length  
l keyhole length  
pi0 vapor pressure of a pure element  
pcap pressure in keyhole  
pi vapor pressure of element I in an alloy  
pvap total vapour pressure 
P laser power  
T temperature  
v velocity of the laser 
xi element fraction of an alloying element  
 
݌௜ሺݔ௜ሻ ൌ ܽ௜ሺݔ௜ሻ כ ݌௜଴       (2) 
ܽ௜ ൌ ݔ௜ כ ߛ௜ሺݔ௜ሻ      (3) 
 
For high alloy element concentrations (<0.5m%) the assumption of an ideal solution is not valid and the change of enthalpy 
due to intermolecular forces have to be considered. The activity coefficients for different fractions of zinc in copper at 1,400 °K 
are given in table 1.  
Table 1. Activities and activity coefficients for different fractions of zinc in copper at 1,673 °K (Landolt-Börnstein 2014) 
Fraction xZn Activity a Activity coefficient Ȗ 
0.1 0.018 0.178 
0.2 0.052 0.262 
0.3 
0.4 
0.114 
0.209 
0.379 
0.522 
 
The evaporation pressure of a pure element is temperature dependent and can be calculated by equation (4), in which Ai, Bi, Ci 
and Di are coefficients that can be obtained i.e. in Brandes (1992).   
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The consequence of the different evaporation pressures of alloying elements is a selective evaporation within the melt pool. 
Mundra and Debroy (1993) describe the selective element evaporation through the Knudsen layer in the case of stainless steel.   
 
Many researchers reported about selective evaporation of volatile elements in heat conduction mode laser welding (i.e. 
Mundra and Debroy 1993, Jandaghi et al. 2009). They found a correlation of the vapor pressure of single alloying elements and 
the element loss of these elements in the weld pool. Experimental investigation showed not only an element loss, but also varying 
welding behavior depending upon alloy composition. Rapp (1994 and 1996) observed higher welding depths with increasing 
content of zinc for copper base material and magnesium in aluminum base material in deep penetration laser welding. 
Furthermore he developed an evaporation model in which the higher welding depth was connected to a lower evaporation 
temperature. He concluded that this leads to enforced evaporation in the keyhole. Fabbro (2010) observed an elongation of the 
keyhole at welding with very high feed rates over 20 m/min. He attributed the elongation to high evaporation at the keyhole front 
which deflects the rear wall of the keyhole backwards. Moreover Aalerink et al. (2007) report an elongated keyhole during laser 
welding of aluminum which is explained by surface tension effects.   
Nevertheless, up to date changes of the welding process due to excessive evaporation regarding keyhole elongation at 
moderate feed rates are not reported in literature. As a consequence, in the following results of deep penetration laser beam 
welding of brass with 37m% of volatile zinc are investigated and the elongation of the capillary dependent upon process 
parameters was observed. Based on this an explanation for formation of the observed keyhole elongation is derived.  
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2. Materials and experimental setup  
In contrast to copper with a melting temperature of 1,087 °C zinc already evaporates at 907 °C. This leads to strong 
evaporation during welding process and results in pores in the weld seam, hot cracking and ejections (dt. Kupferinstitut 2009). 
Nevertheless high alloyed brass CuZn37 has the potential to give a better understanding of keyhole welding of alloys with 
volatile elements and especially of the evaporation process taking place in the capillary, since this aspect is not completely 
understood.  
The graphs of evaporation pressure for pure copper and zinc are displayed in figure 1. As can be seen the slope of zinc 
increases exponentially at the evaporation temperature of 907 °C, while copper until 1,500 °C develops negligible vapor 
pressure. The consequence is selective evaporation of the volatile element.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Dependency of vapor pressure p0 from temperature for pure copper and zinc. 
The experimental investigations were carried out using a disc laser with a maximum power of 4 kW, a BPP of 8 mm*mrad 
which beam is focused to a spot size of 300 μm and scanner guided. The used sheets of CuZn37 had a thickness of 1 mm and 
were welded in butt joint configuration. The process was detected by high speed camera which was aligned in two positions to 
observe the capillary from the top in an angle of 60° and from the side in an angle of 5° from the horizontal plane. An 
illumination laser and a filter were used to get insight into the keyhole without disturbances due to reflected laser irradiation and 
irradiation from the process. The arrangement is displayed in figure 2.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Arrangement of laser, illumination and high speed camera. 
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3. Results  
In the investigations the laser power was varied between 2.5 kW and 3.5 kW and the feed rate was changed between 2 m/min 
and 12 m/min. The results showed that a minimum energy input per unit length of I=20 kJ/m is necessary to obtain a full 
penetration of the brass sheets. In figure 3a a picture of the welding process when welding with a speed of 2±0.1 m/min at a laser 
power of 3 kW is displayed. It was observed that the keyhole length is 1 mm and the keyhole width is 0.6 mm. Consequently the 
keyhole ratio of length to width is <2. Figure 3b and 3c show the top and the side view of the keyhole of a welding process with 
3 kW and 8 m/min, respectively. The keyhole has a length of about 2.3±0.2 mm a corresponding width of 0.6 mm. Though the 
keyhole has a ratio of length to width of 4.4 a continuous weld seam is formed (figure 3d). In side view surface waves at the side 
wall of the capillary running from the front of the keyhole towards the melt pool can be observed. This is attributed to a strong 
evaporation at the keyhole front which disturbs the flow of the very thin melt film along the sides of capillary and leads to 
additional acceleration of the melt towards the rear of the capillary.  
   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) Top view of keyhole, Parameter: P=3 kW, v=2 m/min; (b) Top view of keyhole, Parameter: P=3 kW, v=8 m/min; (c) Side view of the keyhole, 
Parameter: P=3 kW, v=8 m/min; (d) cross section of weld, Parameter: P=3 kW, v=8 m/min.  
The investigations show that the keyhole length as well as the ratio of length to width is mainly dependent upon feed rate 
when a full penetration of the sheets is guaranteed. Figure 4a and 4b displays the correlation of feed rate and keyhole length and 
feed rate and ratio, respectively. It can be concluded that the keyhole length and ratio is linear dependent upon feed rate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)  (b)  
(c)  (d)  
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Fig. 4. (a) Keyhole length for different feed rates and at full sheet penetration; (b) Ratio of keyhole length to width for different feed rates at full sheet 
penetration.  
4. Discussion 
The results showed that there are linear correlation of capillary length and ratio of length to width of the keyhole to welding 
velocity. In the following an explanation is described to interpret the elongation of the capillary due to increased feed rate. Figure 
5 displays the situation for high feed rates. Here the vapor pressures for pure zinc and brass with zinc concentrations of 
xZn=37m% and xZn=20m% in the melt dependent upon temperature calculated with equations (1)-(4) and values in table 1 are 
displayed. It is presumed that the temperature at the keyhole front is exceeding evaporation temperature and is decreasing along 
the keyhole length from about 1,300 °C at the capillary front to below 1,000 °C at the end of the melt pool.  
At the front of the keyhole the highest evaporation of zinc takes place, since here the highest concentration of volatile zinc and 
highest temperatures occur (figure 5 zone a). According to Rapp (1996) the evaporation temperature of CuZn37 is about 
1,100 °C. Nevertheless, here it is presumed that the temperature at the surface is exceeding the evaporation temperature. This 
leads to high evaporation pressure, which results in a driving force upon the melt around the capillary and a strong gas flow 
towards the keyhole back wall. At high feed rates the interaction time at the front of the capillary is short since the velocity of 
liquid melt flow around the keyhole are higher (Beck 1996) and melt with a high zinc concentration is pushed around the keyhole 
to the sides of the capillary. Here the temperature and the zinc concentration are still high enough that the resulting evaporation 
pressure exceeds the closing forces and as a consequence the capillary is elongated also outside of the interaction zone of laser 
beam with the melt (figure 5 zone b). Due to the high pressure on the side of the capillary a small melt layer is formed and the 
liquid melt flows in a thin film around the keyhole. It can be concluded that the evaporation stabilizes the melt flow at the side of 
the capillary so that there is no leaking of the melt as known from laser beam fusion cutting. When zinc is mostly gone from the 
melt pool due to substantial element loss or low temperature, the evaporation pressure drops and both sides of the melt pool 
rejoin (figure 5 zone c). Since there is both a decreasing temperature and a decrease in zinc concentration, up to now it cannot be 
decided which factor is dominating for keyhole collapse. Behind the capillary only a short melt pool exists which solidifies 
below 1,000 °C. At low feed rates the mechanism is the same as described, but the melt flow around the capillary is slower. This 
leads to a longer dwell time at the keyhole front and a lower concentration of zinc is driven to the sides of the capillary which 
leads to a shorter keyhole.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Different evaporation zones along the surface of the keyhole in which different evaporation pressures occur. 
(a)  (b)  
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5. Conclusion and outlook  
Observation at deep penetration laser welding of brass show a significant elongation of the keyhole at moderate feed rates. 
This elongation is attributed to a strong evaporation of zinc occurring not only in the interaction zone of the laser and the melt 
but also at the side walls outside the laser beam. Outside of the interaction zone the evaporation pressure still exceeds surface 
tension, hydrostatic and hydrodynamic forces and stabilizes the capillary until the temperature or the zinc concentration is too 
low to generate a sufficient back pressure and the keyhole collapses. Since it cannot be decided, if the temperature drop or the 
element loss due to evaporation is the dominating factor for the collapse, quantitative element analysis and numerical simulation 
should be carried out to measure the zinc concentration in the weld seam and to calculate the temperature field around the 
capillary, respectively.  
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